This study was undertaken to evaluate the efficiency of a liquid-solids separation process and microwave pretreatment, as well as anaerobic biodegradability of microwave pretreated dairy manure. Liquid-solids separation of raw dairy manure resulted in solid and liquid fractions having different properties, with the solid fractions richer in total and volatile solids content and liquid fractions richer in nutrients and metal ions. Substantial amounts of soluble chemical oxygen demand and nutrients were released into the solution after the microwave treatment. The microwave pretreated dairy manure was also subjected to anaerobic digestion. The kinetic parameters of methane production potential, maximum methane production rate and lag time were determined using the modified Gompertz equation. Anaerobic digestion of liquid manure, without microwave treatment, outperformed the sets with microwave treatment. The microwave-treated liquid dairy manure, without acid addition had better results in terms of methane potential and methane production, than with acid addition. Thermophilic digestion exhibited a higher maximum methane production rate than that of mesophilic digestion, but lower methane yields. The microwave pretreatment of dairy manure resulted in high soluble chemical oxygen demand; however, methane yield was not increased.
Introduction
Anaerobic digestion is a technology widely used for treatment of organic waste for methane production. Its use for treating dairy manure can provide a source of energy, and alleviate environmental concerns on a dairy farm. The digester effluent retains nitrogen (N) and phosphorus (P) of dairy manure, which maintains its value as a fertilizer supplement. However, dairy manure contains very high suspended solids, and has low anaerobic biodegradability. A mechanical liquid-solids separation process, resulting in a separated liquid fraction with much less suspended solids, can remove most of fibrous solids in dairy manure. This will allow the anaerobic digester to be operated at a shorter hydraulic retention time (HRT) or a higher loading rate [1] . Lo et al. [2] conducted mesophilic anaerobic digestion of unscreened and screened manure, after liquid-solid separation, for the same organic loading rates at 16 days hydraulic retention time; liquid-solids separation had a minimal effect on the rate of methane production. For shorter HRTs, a significant increase was found in methane production rate for the screened manure over unscreened manure. The screened dairy manure was also used as feed material for a fixedfilm reactor; a very high methane volumetric production rate was produced when the digester was operated at very short HRTs, as low as 3 h [3] .
Screened manure had a higher anaerobic biodegradeability in comparison to unscreened manure, because biodegradable suspended solids content (SS) larger than mesh openings (1 mm) were removed [4] . Even though a considerable amount of SS was in screened dairy manure, only a small fraction of its chemical oxygen demands (COD) was in soluble form, additional treatment for enhancing biodegradability would be desirable. Separation of solids and liquid fractions of dairy manure by means of screening and coagulation-flocculation resulted in most of organic matter in soluble form in liquid fraction [4] . The methane production rate for the treated liquid frac-tion was higher than for dairy manure or screened manure. Also, the liquid fraction treated by coagulationflocculation, would be amenable to treatment in high loading anaerobic digesters, operated at shorter HRTs. The liquid fraction free of suspended solids was treated at 35˚C in an upflow anaerobic sludge blanket reactor operating at an organic rate of 40.8 g COD/L·d (chemical oxygen demand per liter reactor per day) and reaching a methane production rate of 10.3 L CH 4 /L·d (litre methane per litre reactor per day). The higher methane volumetric production rate was obtained for the treated liquid fraction, than a conventional anaerobic digester treating either unscreened or screened manure.
A microwave enhanced advanced oxidation process (MW/H 2 O 2 -AOP) proved to be an efficient pretreatment process for solids solubilization and nutrient release, for various organic wastes. This process uses microwave irradiation, in combination with hydrogen peroxide, to generate hydroxyl radicals to react with organic waste. As a result, the SS content is reduced and a higher soluble COD in the resulting solution is obtained [5] [6] [7] [8] . The SCOD content in the treated solution depends on the microwave temperature, hydrogen peroxide dosage, and reaction period. High microwave temperatures, as well as a higher hydrogen peroxide dosage resulted in very high SCOD concentration in the treated solution. Up to 90% of TCOD was in the soluble form. Kenge et al. [6] reported that for treating dairy manure, substantial quantity of nutrients of nitrogen and phosphorus, and moderate SCOD concentration were attained in the treated solution at a pH of 3.5. At neutral and basic conditions, significant amounts of volatile fatty acids (VFA) and SCOD were obtained; however, there was no significant phosphate release at all.
Previous studies focused on solubilization of solids and nutrient release from dairy manure; anaerobic biodegradability of dairy manure, after the MW/H 2 O 2 -AOP treatment, had not yet been conducted in our laboratory. The current study was undertaken to evaluate the efficiency of liquid-solids separation process of dairy manure, to characterize effluent from the microwave treated dairy manure, and to determine anaerobic biodegradability of the post-microwave treated dairy manure. It was designed to validate a hypothesis that high SCOD obtained from microwave pretreatment (MW) would increase the anaerobic biodegradability of dairy manure.
Materials and Methods

Experimental Procedures
Liquid-Solids Separation Process
Raw dairy manure and liquid dairy manure for laboratory and field studies were obtained from the UBC Dairy Research and Education Center in Agassiz, British Columbia, Canada. Three sets of raw manure samples, each with three replicate, at different ratios of dilution were prepared; they were no dilution, one part of manure to one part of water (w/w), and two parts of manure to one part of water (w/w). A US No. 10 size sieve, which has 1.99 mm openings, was used in this laboratory study. The solid fractions were diluted with distilled water and mixed at 130 rpm for one hour, with a laboratory shaker, to facilitate extraction of nutrients and metals.
Microwave Pretreatment
The dairy manure used in the MW study is the liquid portion obtained after liquid-solids separation from the manure pit. set, the manure sample was adjusted to pH 3.5. All experimental sets, except the untreated manure, were subjected to pilot-scale, continuous-flow microwave treatment at a flow rate of 0.5 L/min under microwave power of 6 kW, and an effluent temperature of around 96˚C.
Anaerobic Biodegradability
Anaerobic biodegradability of both untreated and the microwave treated liquid dairy manure was tested at mesophilic temperature (35˚C ± 1˚C) and thermophilic temperatures (55˚C ± 1˚C), in a batch operation mode. Five experiment sets, each with five replicate, were conducted; there were untreated manure (no microwave treatment), MW, MW/H + , MW/H 2 O 2 , and MW/H + /H 2 O 2 . An inoculum of 10 ml was added into 100 mL of sample in a 150 mL serum bottle for each set. The acclimated inoculum for mesophilic digestion had the following characteristics: total solids (TS) of 4.3% ± 0.31%, volatile solids (VS) of 2.89% ± 0.19%, volatile fatty acids (VFA) of 2874 ± 190 mg/L, total kjeldahl nitrogen (TKN) of 2032 ± 389 mg/L and total phosphorus (TP) of 423 ± 71 mg/L. For thermophilic digestion, the inoculum had TS of 7.3% ± 0.14%, VS of 4.47% ± 0.87%, VFA of 429 ± 17 mg/L, TKN of 4039 ± 178 mg/L and TP of 792 ± 38 mg/L. If adjustment was required for pH and alkalinity of the set, either sulfuric acid (30%) or sodium hydroxide (12.5 M) was used for pH, and 2000 mg/L of NaHCO 3 of alkalinity (as CaCO 3 ) was added to the solution. Serum bottles were sealed, and kept in a water bath at set temperatures until they stopped producing biogas. The volume of methane production was reported in norm conditions of 293 K and 1013 mbar.
Chemical Analysis
Liquid dairy manure and MW treatment samples were centrifuged at 3500 rpm for 10 minutes, and the supernatant was extracted for analysis of SCOD, orthophosphate, soluble ammonia (NH 4 + -N), and VFA. All of the chemical analyses followed the procedures outlined in Standard Methods [9] . For orthophosphate analysis (o-PO 4 ), dairy manure samples were determined at 0.5% TS to ensure correct measurement [10] . The initial dairy manure samples were also analyzed for TS, TCOD, TP and TKN. All chemical analyses, except TS, VS, COD, VFA and metals, were determined by a flow injection system, (Lachat Quik-Chem 8000 Automatic Ion Analyzer, Lachat Instruments, USA). A Hewlett Packard 6890 Series II gas chromatograph, equipped with a flame ionization detector (FID), was used to measure VFA. Volatile separation was accomplished with an HP free fatty acid phase column (0.25 m × 0.31 mm with 0.52  film thickness). The injection temperature was set at 175˚C and the flame ionization detector was at 250˚C. Helium was the carrier gas at a head pressure of 69 kPa. Calcium (Ca), magnesium (Mg), sodium (Na) and potassium (K) were determined using a Varian Spectra 220 Fast Sequential Atomic Absorption Spectrometer.
Results and Discussion
Characteristics of Liquid Fraction and Solids Fraction
The mass balance and chemical characteristics of liquidsolids separation experiments are listed in Tables 1 and 2 . Dairy manure collected straight from the UBC dairy barn had high concentrations of nitrogen, phosphorus, and minerals of K, Ca, and Mg. About 50% of the nitrogen and 75% of potassium were in the liquid portion of dairy manure. About 20% of total phosphorus was in the soluble form (orthophosphate) in the liquid fraction since most of manure phosphorus was tied up in the solids portion of the manure. As expected, liquid-solids separation of raw dairy manure resulted in solid and liquid fractions that had different properties; the solid fractions were richer in TS and VS content, while the liquid fractions were richer in nutrients and metal ions. Compared to the initial unseparated manure, separation resulted in a solid fraction having a higher composition of TS, and liquid fractions with higher nutrients and metals. In general, adding a large volume of dilution water resulted in a higher percentage of the liquid fraction; however, it yielded less solids content in the liquid fraction. The SCOD in liquid fraction were 23.4 ± 4.4, 16.8 ± 32.8 and 13.9 ± 0.5 g/L for no dilution, two parts of manure to one part of water, and one to one dilution, respectively. In terms of the SCOD/TS ratio, it was higher for one part of manure to one part water dilution (0.58), than for two parts of manure to one part of water (0.51). Rico et al. reported that the higher the percentage of water used for dilution, the higher SCOD/TS ratio was obtained in the liquid fraction. Additional fluid favored the detachment of fineand colloidal solids from long fibers present in the dairy manure [4] . The higher ratio of SCOD/TS in the liquid fraction might also enhance methane production; however, a higher volume of screened liquid manure needs to be treated. The higher water dilution to manure ratio would, therefore, make it less economically feasible for manure management or anaerobic digestion. The solids portion after separation, in terms of weight, varied from 36% to 47% (Table 1) . Even though more than half of TKN (organic nitrogen and ammonia) was dissolved in liquid fractions as ammonia, a significant amount of organic nitrogen remained in the solid fraction, as shown in Table 2 . Most of the phosphorus was also retained in the solids portion; the liquid fraction, after the liquid-solids separator, had about 30% -35% of total manure phosphorus, while the solids fraction contained 65% -70%.
The overall results also indicated that the dilution with 1:1 (manure: water) was the best for the purpose of both nutrient release and solids solubilization. The TS content of the resulting solution from this laboratory-scale study was closer to the value of the liquid manure collected from the pit, which was between 2% to 3% TS.
Due to the set-up of a pilot-scale unit used in this study, such a range of TS concentration was the most suitable for the MW/H 2 O 2 -AOP treatment. This would make it easier for pumping manure for other treatment processes, such as struvite crystallization for producing fertilizer, anaerobic digestion for bioenergy production, and/or field application.
Microwave Treatment
The results of microwave pretreatment, as well as acid treatment are presented in Table 3 . More than 60% of total phosphorus was released into solution as orthophosphate, with an addition of acid without MW treatment, while the concentration of SCOD decreased. On the other hand, the ratio of VS to TS for acid addition treatment was similar to the initial manure (63% versus 66%). This may be attributed to chemical reactions between various soluble constituents or agglomeration of fine suspended particles of dairy manure. As a result, the increase in particle size caused precipitation, and a decrease in SCOD concentration. Nonetheless, agglomerated particles would be destroyed after microwave treatment resulting in an increase in SCOD. It shall also be noted that the SCOD values increased, regardless of the MW treatment conditions ( Table 3 ). The ratios of SCOD/TCOD are between 42% to 45% for all of the MW treatments.
Substantial amounts of orthophosphates can be released into solution after the microwave treatment [7-9, 11,12] . In this study, the release of orthophosphate was 
The MW treatment and acid addition did not increase the amounts of soluble K and Na, since most of these ions were soluble in solution. The acid addition would help solubilize calcium from dairy manure; the higher soluble Ca concentrations were in the MW/H+ and MW/H + /H 2 O 2 . Soluble magnesium ion also increased with acid addition and MW treatment ( Table 3 ). The results indicated that, for dairy manure, hydrogen ion concentration and hydrogen peroxide dosage affected the extent of SCOD and ortho-P release, as well as calcium and magnesium in the treated solution.
Anaerobic Biodegradability
As noted in the earlier section, the SCOD concentration increased for all of microwave treatments, regardless of treatment conditions (Table 3) . However, some of degradation products from the MW treatment constituted in SCOD could act as potential inhibitors for anaerobic digestion. For acid hydrolysis of biomass such as the MW/H + , anaerobic inhibitory by-products of fufural, hydroxymethyl furfural, formic acid and levulinic acid are produced [13] . For the MW treatment of dairy manure, with or without hydrogen peroxide, phenol, aldehydes and ketones are produced, which are known to suppress anaerobic digestion [13] [14] [15] . The extent of inhibition of organic compounds affecting anaerobic digestion is dependent on toxicant concentration, biomass concentration, acclimation, and temperature [16] .
The pH of the microwave treated solution was out of the optimal anaerobic digestion range of 6.8 -7.4 ( Table  3) . Therefore, adjustment of pH with either sulfuric acid or sodium hydroxide for the treated solution was required, before digestion. The alkalinity addition, prior to anaerobic digestion, was also needed for the MW/H + and MW/H + /H 2 O 2 . While using sulfuric acid for pH adjustment, sulfate was introduced into the sets, either before microwave treatment or prior to anaerobic digestion. Sulfate is reduced to sulfite by the sulfate reducing bacteria (SRB) in anaerobic digestion. Sulfite is toxic to various bacterial groups, thus inhibiting methane production [17, 18] . In the anaerobic digestion process, the SRB may compete with methanogens for common organic and inorganic substrates, thereby suppressing methane production. The use of sodium hydroxide for pH and sodium bicarbonate (NaHCO 3 ) for alkalinity adjustment would result in increased salt toxicity. The salt toxicity of anaerobic digestion was found to be mostly determined by the content of metal ions, particularly, light weight metal ions of Na, K, Mg, Ca and Al. These ions are required for microbial growth, and consequently affect specific growth rates like any other nutrient. Moderate ion concentrations stimulate microbial growth, while excessive amounts slow down the growth, and/or cause inhibition [13] .
Dairy manure contains high ammonia concentration, which itself is a potential inhibitor to anaerobic digestion. Ammonia, not ammonium ion, is the main cause of inhibition. It was suggested that the extent of ammonia inhibition was affected by ammonia concentration, pH, temperature, presence of other ions and acclimation period [13] . An increase in pH increases the ratio of ammonia to ammonium ion resulting in an increase in toxicity at higher pH ranges. A wide range of inhibiting ammonia concentrations reported in literature may be attributed to the differences in substrates and inoculum, environmental conditions and acclimation period [19, 20] . Anaerobic digestion of wastes with a high ammonia concentration was more easily inhibited and less stable at thermophilic temperatures than at mesophilic temperatures [21, 22] . An increase in methane yield was observed when the operating temperature was decreased from 60˚C to 37˚C, in an anaerobic digester fed with a high ammonia concentration [23, 24] . Reducing pH from 7.5 to 7.0 during thermophilic anaerobic digestion of cow manure also increased the methane production by four times [25] .
Chemical characteristics of substrates, before and after anaerobic digestion, are presented in Tables 4 and 5. The concentration of ammonia nitrogen increased after the digestion for both digestion conditions (35˚C and 55˚C). However, an increase in ammonia was more pronounced at 55˚C. During thermophilic digestion, high pH combined with high ammonia concentration would increase ammonia toxicity resulting in a lower methane yield. Higher methane production was observed when less total VFA concentration was in the resulting solution. Accumulation of propionic, butyric and isobutyric concentration occurred in the sets with high VFA concentration; they were inhibitory to the methanogens. For mesophilic digestion at 35˚C, the untreated dairy manure, MW and MW/H 2 O 2 had low VFA concentrations, while the MW/H + /H 2 O 2 and MW/H + had substantial amounts of VFA in the digested solutions ( Table 5) . For thermophilic digestion, the untreated manure set had very low VFA concentration after the digestion, whereas the sets with various MW treatments gave high VFA concen- Copyright © 2013 SciRes. NR trations. Accumulation of VFA would lead to a decrease in pH, thereby reducing ammonia concentration. The interaction between ammonia, VFA and pH may lead to an "inhibited steady state", a condition where the process is running steady, but with a lower methane production [26, 27] . It seemed that most of the MW treatments were in "inhibited steady state" conditions in this study.
The cumulative methane production profiles are presented in Figures 1-3 . The untreated manure sets (35˚C and 55˚C) showed higher methane yield (litre methane production per gram of volatile solid added, or litre methane production per gram of volatile solid destroyed) than the MW treated manures ( Table 6 ). At 35˚C, the MW and the MW/H 2 O 2 treatment had similar methane yield compared to the untreated manure, while, lower methane yields were obtained for the MW/H + and MW/H + /H 2 O 2 . All MW treatments decreased methane yield in anaerobic digestion at 55˚C. Methane yields for the MW and the MW/H 2 O 2 at 55˚C were only one third of their counterparts at 35˚C. A higher methane yield was obtained for the MW treatment without acid addition than the one with acid addition. There was no severe inhibition for the MW and the MW/H 2 O 2 treatment at 35˚C, while severe inhibition was observed for the MW/H + and MW/H + /H 2 O 2 at 35˚C. At 55˚C, all MW treatments had some degree of inhibition, attributed mainly to ammonia toxicity. Although an increase in process temperature will have a positive effect on the metabolic rate of the microorganisms, it also results in a higher concentration of free ammonia in the solution, resulting in ammonia toxicity. However, the microbial inhibition in treated manure might be due to a combination of several factors: the competition of SRB with methanogens to utilize common organic compounds, toxicity of salts such as K, Na, Ca, and Mg, organic inhibitors produced in the MW pretreatment and high concentration of ammonia in the solution.
Some researchers have investigated the effects of various inhibitors on methane production [28] [29] [30] . Jin, et al. [28] reported that microwave heating (120˚C) combined with different chemicals (NaOH, CaO, H 2 SO 4 or HCl) enhanced solubilization of manure particulates and degradation of glucan/xylan in dairy manure. Acid hydrolysis (MW/H + ) had a higher ratio of SCOD/TCOD than base hydrolysis (MW/OH − ), and a much higher ratio of SCOD/TCOD was seen for the MW/H + than for the MW/H + /H 2 O 2 treatment in their study. When sulfuric acid was used for the MW/H + pretreatment, the methane production was lower than raw dairy manure.
For MW pretreatment with HCl, the methane produc tion was better than with H 2 SO 4 , although methane production decreased to some extent compared to raw manure. It is also interesting to note that MW heating of dairy manure produced more methane than the conventional heating methods, in their study [28] .
Quao et al. [29] reported that using conventional heating method (170˚C at 1 h), methane yield increased Table 6 . Cumulative methane production rate, maximum methane production and yield for dairy manure.
Set
Modified Gompertz Equation ( for pig manure and sewage waste, while methane yield for treated dairy manure decreased by 6.9%, compared to the untreated dairy manure. Anaerobic biodegradability of cattle manure was also studied, using conventional heat pretreatment at temperatures between 100˚C and 225˚C for 15 minutes [30] .
The treatment showed a significant improvement in its biochemical methane potential of 13% at 175˚C and 21% at 200˚C, but its methane potential decreased about 10% at 100˚C, compared to the untreated manure.
These studies strengthen our assertions that various inhibitors formed during the pretreatment processes, suppress methane production. Pretreatment of dairy manure at temperatures below 100˚C and addition of acid would decrease methane production. The results from this study also indicated that sulfuric acid was not suitable for pH adjustment in the pretreatment process; acid was not required for the pretreatment of dairy manure for enhancing methane production; and the MW and MW/ H 2 O 2 pretreatment of dairy manure enhanced solubilization of particulates, but did not enhance methane production.
The kinetic data obtained from the anaerobic digestion experiments were examined for the fitness of modified Gompertz equation [31] . The modified Gompertz equation is stated as following:
where, P is cumulative specific methane production, mL/g VS; A is methane production potential, mL; U is maximum methane production rate, mL/g VS day; λ is lag phase period (minimum time to produce methane), day; and t is cumulative time for methane production, day. Methane production potential is based on the assumption that the methane production rate in a batch condition, corresponds to specific growth rate of microorganisms in the bioreactor. The kinetic constants of U, A, and λ can, therefore, be determined using non-linear regression. The modified Gompertz equation fitted well the experimental data for anaerobic digestion kinetics for both mesophilic and thermophilic conditions, as showed in Figures 1-3 . The estimated values of the parameters (U, A and λ) obtained are summarized in Table 6 . The methane production rate (U) was higher for thermophilic digestion at 55˚C than for mesophilic digestion at 35˚C. An increase in process temperature increased the metabolic rate of the microorganisms; as a result, thermophilic digestion had a higher total methane production rate. Even though a higher methane production rate was obtained at 55˚C, methane yield, in terms of methane production per volatile solids added, was lower ( Table 6) . A lower yield was attributed to the inhibition caused by changes in pH, ammonia and VFA concentration. As discussed earlier, ammonia concentration inhibited digestion at thermophilic temperatures than at mesophilic temperatures [21, 22] .
Methane production potentials for the untreated ma-nure sets were 493 mL CH 4 at 55˚C and 452 mL CH 4 at 35˚C. Methane production potential (A) decreased for all of the MW treatment sets, regardless of treatment conditions. The results from this study implied that, microwave treatment of dairy manure increased soluble organic compounds, but they did not improve methane production. Therefore, both methane potential and rate decreased for the sets of MW pretreatment. Studying kinetics of biogas production from cattle manure, Budiyono et al. [31] reported that A, U and λ for whole manure digested at 38.5˚C were 136. [33] . The results of the untreated manure sets in this study were comparable to their findings. Anaerobic digestion of MW pre-treated sewage sludge (MW and MW/H 2 O 2 ) was carried out to examine the effect of substrate on methane yield. The VS contents for aerobic sludge, MW and MW/H 2 O 2 treated sludge were 0.52%, 0.53% and 0.51%, respectively. The laboratory experiments and chemical analyses were conducted in the same manner as that for dairy manure. The values of methane yield per VS added and per VS destroyed for all sets of sewage sludge were comparable with those of dairy manure. The kinetic constants obtained from Gompertz Equation for sewage sludge were higher for the treated sets when compared to their control under both mesophilic and thermophilic conditions ( Table 7) .
However, the methane production potentials of the sewage sludge sets were lower than that of dairy manure, which can be attributed to the low content of TS in the sewage sludge used; a higher TS content may have resulted in higher methane yields. The maximum methane production rates of the pre-treated sludge under mesophilic and thermophilic conditions were greater than that of their respective controls, indicating no inhibition. However, the rates under thermophilic condition were lower than their mesophilic counterparts. This could be due to lack of acclimatization of inoculum to the presence of the substrate under thermophilic conditions, but the exact reasons for such behavior are not clear. In general, the MW and MW/H 2 O 2 pre-treatments improved methane production for sewage sludge; although, it did not have major impacts for methane production for dairy manure. The results from the anaerobic digestion study indicate that the benefits of the MW and MW/H 2 O 2 pre-treatment for anaerobic digestion are substrate-specific.
Summary and Conclusions
Liquid-solids separation of raw dairy manure resulted in solid fractions richer in TS and liquid fractions richer in nutrients and metal ions. Anaerobic digestion of liquid manure, without microwave treatment, outperformed the sets with microwave treatment. The microwave-treated liquid dairy manure, Table 7 . Cumulative methane production rate, maximum methane production and yield for aerobic sludge. without acid addition, had better results in terms of methane potential and methane production than with acid addition. Thermophilic digestion exhibited higher maximum methane production rates than that of mesophilic digestion, but methane yields in terms of yield per volatile solids added or destroyed were lower.
